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Introduction

22
In recent years, photovoltaic (PV) modules have become a popular source of energy in both commercial and 23 residential applications. This energy source has received much attention as an alternative form of electricity 24 generation and is commonly present on buildings throughout the World. 25
Generally, PV modules are arranged in a way that maximizes the density of modules per unit of area rather than 26 maximizing their efficiency. As a result, the incidence of shading over several modules is common in all 27 applications, causing losses [1] [2] . There are several causes of shading such as trees, adjacent buildings or soiling 28 [3] [4] . It is important to detect these failures because of partial shading can lead an annual 10-20% reduction in 29 power production or more in residential installations [5] , due to both reduced irradiance on PV modules. Soiling 30 may have a large effect on efficiency decreasing PV performances. Some studies [6-8] quantify performance 31 decrease due to soiling. The study of Soteris [9] shows soiling affects seriously the performance of PV panels and 32 it is necessary to clean immediately PV panels after dust episode. When a part of a PV module is shaded, some of 33 its cells may work in reverse bias and reach breakdown voltage. The covered PV cells dissipate thermal power 34 with the temperature increase. In extreme cases, this situation may lead to hot-spot problems, causing irreversible 35 damage to the system. In order to protect shaded solar cells from breakdown voltage, commercial modules are 36 equipped with by-pass diodes [10] . However, these by-pass diodes deform the I-V curves of the shaded modules 37 when diodes are activated. 38 circuit equipped of by-pass diodes in condition of localized shading. It is shown that despite the activation of the 80 bypass diode and the presence of a non homogenous shading, it exists a thermal power dissipation of the covered 81 PV cells. This theory review shows the necessity to have an accurate analysis and fault detection in order to avoid 82 this phenomenon. The used PV module parameters are shown in Table 1 . 83 37.5V Short-circuit current (Isc) 8.8A Voltage at maximum power (Vmp) 30.05V Current at maximum power (Imp) 8.4A By-pass diodes 3
A string of PV modules in series is disconnected in order to perform shading tests on one PV module, in open 85 circuit and in short-circuit. as shown in Fig. 1 (b) , some PV cells starts to increase in temperature with a difference of 2°C with the first test. 93
In the next test, just one PV cell of a sub-string is completely covered. First, the PV module is in open circuit, there 94 is a homogenous temperature all over the PV module. The PV module is in short-circuit and after few minutes, its 95 temperature increase contrary to the test in Fig.1 (a) despite the PV module is in open circuit. The convective effect 96 has the same impact on the temperature increase visible in Fig. 2 (a) . Then, the PV module is in short-circuit, a hot 97 spot area at level of the covered PV cell is visible in red in Fig. 2(b) . After one hour, a significantly increase of 98 the temperature localized on the shaded PV cell is visible and it is evaluated at 45.9°. The shaded PV cell does not 99 receive uniform illumination contrary to the others. The current in the PV module sub-string is limited by the 100 shaded PV cell despite the activation of the by-pass diode of the sub-string. As a result, it operates under reverse-101 bias mode, dissipating power in the form of heat. 102
To resume, non-uniform shading has an important impact on PV performances despite the activation of by-pass 103 diode. The IR thermography proved the presence of a hot-spot area of the shaded PV cell. It is necessary to 104 understand the behavior of the PV module in shading conditions. A model is developed considering the reverse 105 bias mode in shading conditions. This model will be used as reference in the presented fault detection method in 106 function of input parameters such as solar irradiation and PV cells temperature. A fault detection method is 107 necessary to prevent some losses related to shading problems. This work is particularly important for the diagnosis 108 of faults and for improving the lifetime of PV systems. Analyzing I-V curves, it gives enough information in order 109 to identify and to dissociate a uniform shading of a non-uniform shading. A fault detection method is developed 110 around of the I-V curves analysis. This work will prevent immediately when a PV module is in shading conditions 111 avoiding all form of dissipation. Moreover, it will allow to optimize efficiency of the PV module. 112
2.2 Solar cell model 
where Iph is the photocurrent (A), I0 is the dark saturation current (A), n is the ideality factor of the diode (1 to 2), 117 k is the Boltzmann constant (1.38 10 -23 J/°K), q is the magnitude of the electron charge (1.602 10 -19 C), T is the te 118 mperature of the cell (°C), Rs is the series resistance, Rsh the shunt resistance. 119
However, most of the models in the literature do not take into account the effect of the reverse bias. A more precise 120 model is proposed by Bishop [19] ates at a lower current leading to a lower power production, or the short circuit current of the shaded cells is less t 147 han the string current so that it is operated ate the reverse characteristic, causing power to be dissipated and event 148
ually the creation of hot-spots [21] . This phenomena causes permanent losses and reduces the reliability of the sy 149 stem as shown with the thermography tests ( Fig. 1 
Where V(i)module is the voltage of the ith I-V curve point. 202
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For each shading scenario, the evolution of the standard error will be analyzed in order to extract a general set of 204 interpretation rules which can be used to clearly identify some shading problems increasing the shaded PV cells 205
temperature. The experimental study shows the area of detection in order to dissociate the uniform-shadows of the 206 non-uniform shadows despite the activation of the by-pass diode. 207
3.
Experimental study of the detection method
208
The experimental shading scenarios used in this section have the objective of providing a set of realistic conditions 209 to study the effectiveness of the new proposed detection method. These several I-V curves analysis confirm that 210 the shaded PV cells which is non-uniform, dissipates power in the form of heat as explained in Section 2. The 211 experimental setup will be presented first, giving the several shading scenarios chosen for the study. These are 212
followed by the analysis of the results for each shadow scenario. 213
3.1
The experimental setup 214
The PV module used during these experimental tests is still the TE2200. The I-V curves are traced using the MP-215 160 I-V tracer, which provides 265 measurement points between open-circuit voltage to short-circuit current. A 216 total of 6 sets of experimental tests were conducted to study this new detection method. Each set is composed of a 217 certain shading area, a shadow size and the state of the bypass diodes. 218
The shading set 1 was chosen to clearly study how the detection method reacts to the presence of the non-uniform 219 shadow on PV module without by-pass diodes. The shading set 2 is studied in comparison with the shading set 1 220 to study the difference between the activation of the bypass diodes and the presence of a localized shaded PV cell 221 without by-pass diode. The shading set 3 studies how the detection method can identify a homogeneous shadow 222 with the activation of one by-pass diode. Thus, the shading size used is 20 cells all of which have 50% of their 223 area shaded. The shading set 4 and 5 study the activation of 2 bypass diodes. The shadow used in these cases 224 covers two cells on the interface between two PV cell groups protected each by a different bypass diode. The 225 shading area of the set 4 is chosen to be 50% to simulate a shading scenario while the shading area of 100% in set 226 5 represents another case of non homogenous shading. Finally, the shading set 6 studies the detection of a 227 homogeneous shadow which activates two bypass diodes. It shares the same characteristics of the shading set 3. 228
An overview of the shading scenarios used in this study is given in Table 2 . 229 The results for the shading set 1 are given in Fig 5. The shadow scenario is shown in Fig. 5 (a) , which represents 233 the variation of the shading area. The presence of the reverse bias characterized by the avalanche effect and caused 234 by each shadow is visible on I-V curves in Fig. 5 (b) . The results of the detection method are shown in Fig. 5 (c) . 235 
237
In Fig. 5 (b) , the avalanche breakdown of the shaded PV cell is more visible on I-V curves with an high percentage 238 of shading on PV cell. The I-V curve slope for 100% of shading strongly changes contrary to 10% of shading As 239 a result, this slope characterizes this avalanche effect of the shaded PV cells which dissipate power in the form of 240 heat damaging PV module on the long term and reducing its lifetime. The results from the detection method in 241 voltage. In normal operating conditions, the bypass diodes will be connected and operational. 248
3.3
Shading set 2 -Bypass diodes and non homogenous shadows 249
In the shading set 2, the bypass diodes are connected. The shadow and active bypass diode are shown in Fig. 6 (a) . 250
The effect of the shadow over the I-V curve is shown in Fig. 6 (b) while the results of the detection method are 251
shown in Fig. 6 (c) . and 2 shows that positive peaks are linked to the bypass diodes activation with the presence of the avalanche effect 269 characterizing a non homogenous shading. To validate this idea, the shading set 3 will study the presence of these 270 peaks with this time an uniform shading test. 271
3.4
Shading set 3 -Bypass diodes and homogenous shadows 272
The shading set 3 shows how the detection method reacts to the activation of the bypass diode with an homogenous 273 shadow. The shadow shape and active bypass diode are shown in Fig. 7 (a) . The effect of the shadow over the I-V 274 curve is shown in Fig. 7 (b) while the result of the detection method is shown in Fig. 7 (c) . Clearly, the slope of the region situated between 15V and 27V is less pronounced than the slope visible in Fig 6  278 (b). This means that it is possible to distinguish an uniform shadows of a non uniform shadow. Moreover, the 279 presence of this pronounced slope shown in Fig. 6 (b) is due to the avalanche effect of the shaded PV cell. By 280 supposition, this shaded PV cell could dissipate a part of the DC power of others cells despite the activation of the 281 by-pass diode. As a result, it is essential to avoid this phenomena and to prevent against non homogenous shading. 282
The result in Fig. 7 (c) shows a clear positive peak from 12V to 17V and two noisy negative peaks around 25V 283 and 33V. In this case, the shadow can be considered as homogeneous over the whole PV cell group, which means 284 that the avalanche effect can be almost neglected. In the absence of this avalanche effect, the positive peak prevails 285 over the two small negative peaks showing that the protection provided by the bypass diode can be considered as 286 enough. This result validates the link between the positive peaks and the bypass diodes as well as the link between 287 the negative peaks and the avalanche effect of the shaded PV cells. Now, three others cases where the number of 288 bypass diodes is different will be used to study how this new method can be used to detect the number of active 289 bypass diodes and their effectiveness. 
301
The results shown in Fig. 8 (e) validate the two areas of interest observed in Figs. 5, 6 and 7. 302
The first area of interest is located from 5V to 10V and has two positive peaks whose value decreases with the 303 shading area. These results confirm the link between positive peaks and the activation of bypass diodes. The 304 occurrence of these peaks at a lower voltage also indicates that a higher number of bypass diodes is active and, by 305 consequence, that the shadow is covering a larger part of the PV module. 306
The second area of interest is located from 21V to 33V with the two negative peaks representing the presence of 307 the non uniform shading visible by the slope more pronounced (9V to 30V) in Fig 8 (d) and (e). This result also 308 confirms the link between negative peaks and the avalanche effect of the shaded PV cells due to a non homogenous 309
shading. The appearance of these negative peaks at similar voltages than those in Figs. 6 and 7 indicates that the 310 same principle can be used to detect the presence of a shading no matter the size of the shadow such as soiling. 311 3.6
Shading set 6 -Large homogeneous shading 
Conclusion
358
The shading effect on PV module is one of the main causes of inefficiency and degradation of PV modules losses. 359
It is difficult to quantify precisely the resulting losses and the impact on PV module aging, especially in urban 360 
